1. The effects of small, brief depolarizing pulses and excitatory postsynaptic potentials (EPSPs) on neuronal firing were examined in layer V neurons in slices of cat sensorimotor cortex. During intracellular recording, brief depolarizing current pulses (duration, 0.5-2.0 ms; amplitude, 0.1-4.0 nA) were injected in neurons to produce pulse potentials ( PPs) with a near-linear rise to a peak (0.08-3.6 mV; rise time = pulse duration) followed by an exponential decay. These PPs resembled EPSPs evoked by electrical stimulation of adjacent sites. When injected in neurons that were induced to discharge tonically, the PPs shortened the interspike intervals (ISIS) in two ways, depending on their time of arrival in the ISI.
1. The effects of small, brief depolarizing pulses and excitatory postsynaptic potentials (EPSPs) on neuronal firing were examined in layer V neurons in slices of cat sensorimotor cortex. During intracellular recording, brief depolarizing current pulses (duration, 0.5-2.0 ms; amplitude, 0.1-4.0 nA) were injected in neurons to produce pulse potentials ( PPs) with a near-linear rise to a peak (0.08-3.6 mV; rise time = pulse duration) followed by an exponential decay. These PPs resembled EPSPs evoked by electrical stimulation of adjacent sites. When injected in neurons that were induced to discharge tonically, the PPs shortened the interspike intervals (ISIS) in two ways, depending on their time of arrival in the ISI.
2. Toward the end of the ISI, the PPs crossed a time-varying firing level, thereby directly evoking action potentials and shortening the ISIS. These directly evoked spikes occurred during the rise or peak of the PPs. The absolute firing level increased with the membrane trajectory during the latter part of the ISI.
3. PPs that appeared earlier in the IS1 did not cross firing level directly but could nevertheless shorten the IS1 by a slow regenerative process. The indirectly evoked spikes occurred after the peak of the PPs, at latencies whose magnitude and variability increased as the PPs appeared at successively earlier times in the ISI. PPs that occurred during the initial portion (approximately the 1st 3rd) of the IS1 did not affect IS1 duration.
4. Stimulus-evoked EPSPs shortened the ISIS in a manner similar to that of PPs. Like PPs, EPSPs caused direct crossings late in the IS1 and indirect crossings earlier. Comparison of the mean and maximum IS1 shortenings and the range of delays in which the PPs and EPSPs consistently produced IS1 shortenings revealed no systematic differences. These similarities suggest that PPs may be used to simulate the IS1 shortenings caused by EPSPs.
5. To characterize possible mechanisms underlying the IS1 shortening, we examined the PP shapes at different times in the ISI. PPs immediately following a spike were smaller and decayed more rapidly than those evoked by the same current at rest. Late in the ISI, when the membrane potential was >5 mV above rest, the PP height exceeded that of the PP at rest. This amplitude increase may be due to activation of the persistent sodium current.
6. PPs appearing at intermediate times in the IS1 activated a slow regenerative process, causing a stereotyped, near-exponential rise in the membrane trajectory that crossed firing level after -3.1 t 1.6 (SD) ms. Threshold for this process was 4.3 & 2.4 mV below nring level.
7. The combination of the time-varying firing level and the slow regenerative process allowed most of the voltage transients to shorten the IS1 and thereby increase the firing rate of the cortical neurons.
INTRODUCTION
Synaptic current from a population of presynaptic cells is transduced into firing activity of a postsynaptic neuron by various ionic conductances. The degree to which these conductances are activated depends on the amplitude of the synaptic current and the resultant change in membrane potential. In addition, because these conductances can have different time constants of activation and inactivation, the response also depends on the time course of the synaptic current.
In vivo intracellular recordings reveal that the synaptic potentials evoked by natural stimulation are often complex. In cat motoneurons, stretch of muscle can produce steady shifts in the membrane potential accompanied by voltage transients (Calvin and Stevens 1968; Cope et al. 1987; Gustafsson and McCrea 1984) . Intracellular recordings in cat primary visual cortex neurons reveal that large voltage transients are often evoked by stimuli delivered to the cells' receptive field (Creutzfeldt et al. 1974; Ferster 1986 ) . Similarly, intracellular records of motor cortex neurons of awake, behaving monkeys reveal large voltage transients at the onset of movement (Matsumura 1979; M. Matsumura, D. F. Chen and E. E. Fetz, unpublished observations) . These composite synaptic potentials can be significantly larger than documented unitary excitatory postsynaptic potentials ( EPSPs) (Fetz et al. 199 1; Kang et al. 1988; Komatsu et al. 1988; Thomson et al. 1988 ) and may significantly affect the firing rate of neurons (Fetz and Gustafsson 1983; Fetz et al. 1991) .
Neuronal firing is commonly characterized by using steadily injected current to generate spiking activity and constructing curves (fir plots) that relate the firing rate to current magnitude (Calvin and Sypert 1976; Stafstrom et al. 1984a ). These plots do not necessarily predict the effects of voltage transients on firing rate because transients may affect conductances differently than steady current. For example, brief transient depolarizations primarily activate conductances with fast kinetics. In motoneurons, superposition of synaptic current on steadily applied current appears to steepen the slope of thefl1 curve in the secondary range (Granit et al. 1966) . Schwindt ( 1973) argued that this steepening was due to the threshold crossings produced by transient synaptic potentials that occurred on the membrane trajectory.
To investigate systematically the effects of transient inputs on cortical neurons, we recorded intracellularly from layer V neurons in slices of cat sensorimotor cortex and examined the interspike interval (ISI) shortenings produced by voltage transients applied during repetitive discharge. Initially we used stimulus-evoked EPSPs, but these were often contaminated with inhibitory synaptic potentials, and their shape and size could not be readily varied independently. To avoid these problems, we injected brief rectangular current pulses through the electrode to mimic the synaptic current. These current pulses produced pulse potentials ( PPs) that resembled stimulus-evoked EPSPs recorded at the cell soma and had similar effects on firing.
This report concerns the mechanisms by which PPs and EPSPs shorten the ISIS of steadily discharging neurons. The effects of varying PP amplitudes and the baseline firing rate are described in the accompanying paper. Initial observations were reported in abstract form (Reyes and Fetz 1989) .
METHODS

Surgical preparation
The surgical and slicing procedures were essentially those described by Stafstrom et al. ( 1984~) . Subjects were cats of either sex weighing 2.5-5.5 kg. They were anesthetized with pentobarbital sodium (35 mg/kg ip) and tracheotomized to ensure adequate ventilation. Arterial and venous femoral catheters were inserted to monitor blood pressure and administer anesthesia. Rectal temperature was maintained at 37 t 0.5OC (mean t SD) by a controlled heating pad. Pentobarbital sodium was administered periodically at doses sufficient to maintain slitlike pupils and abolish withdrawal reflexes.
A hemicraniotomy was performed, and a block of tissue consisting of the lateral half of the cruciate sulcus and approximately half of the posterior sigmoid gyrus was removed, transferred to a vibratome tissue slicer, mounted on an agar block with cyanoacrylic ester glue, and submerged in artificial cerebrospinal fluid (ACSF; in mM: 130 NaCl, 3 KCl, 2 CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHCO,, and 10 dextrose). Eight to 10 slices were cut at 450 pm and transferred to a holding chamber filled with ACSF that was maintained at 34-37°C and gassed with a mixture of 95% oz-5% co,.
Slices were transferred as needed to a gas interface chamber for recording. The slices were in contact with a nylon mesh, and their undersides were perfused with gassed ACSF (37°C) at a rate of -0.7 ml/min. They were kept moist by warm gas saturated with water vapor.
After the slices were obtained, the cats were euthanized with pentobarbital sodium.
Data acquisition
Cells in layer V, approximately two-thirds of the distance from the pial surface to the white matter, were impaled with thin-walled (0.5 mm ID) glass capillaries ( 10 to 20 MQ d.c. resistance) filled with either 3 M KC1 or 2 M K methylsulfate. The intracellular signals were led to an Axoprobe amplifier (Axon Instruments) that permitted injection of current through a bridge circuit. Cell impalement was signaled by a negative d.c. potential, usually with injury discharge. The discharge was suppressed by application of hyperpolarizing steady current, which was gradually removed as the quality of the impalement improved. Input conductance was measured by injecting long current pulses (amplitude, 0.1-0.5 nA; duration, 100-200 ms) through the recording electrode and dividing the current by the peak voltage deflection.
Compound EPSPs were evoked by stimulating adjacent white or gray matter with bipolar electrodes composed of two strands of twisted 0. l-mm stainless steel wire. Synaptic potentials were considered to be predominantly excitatory if their rate of decay did not decrease or increase on injection of hyperpolarizing or depolarizing steady current, respectively. Depolarizing the membrane potential in fact decreases the decay rate of EPSPs (Stafstrom et al. 1985; Thomson et al. 1988 ) probably because the EPSPs can then activate the persistent sodium current (Stafstrom et al. 1984c (Stafstrom et al. , 1985 . In contrast, the decay rate of EPSPs contaminated with inhibitory postsynaptic potentials (IPSPs) would increase as the membrane potential is moved away from the reversal potential of the IPSP. Approximately 11% of the evoked synaptic potentials were rejected. Depolarizing PPs were evoked by injecting brief (0.5-2.0 ms) current pulses through the recording electrode, which produced voltage deflections that reached their peaks at the end of the pulses and decayed slowly back to baseline potential ( Fig. 1 A, top trace) . The records of the PPs were contaminated with capacitive artifacts at the onset and offset of the current pulse. Because these recording artifacts did not reflect intracellular membrane potential, they are not shown in the figures. The amplitude and rise times of the PPs were adjusted by varying the magnitude and duration of the injected current pulses.
To investigate the effects of the PPs or EPSPs on neuronal firing, we injected steady current until the cells fired repetitively at a specified rate. Throughout the experiment we continuously monitored the ISIS on an oscilloscope and adjusted the steady current if on February 3, 2015
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there was an obvious change in the average firing rate. The ISIS typically did not vary from the mean control interval by >5 ms in cells discharging at 25 imp/s. The PPs or EPSPs were then introduced repetitively at a mean rate that was approximately one-third of the neuronal firing rate. To avoid entrainment of the spikes by the stimulus train, stimulus intervals were randomized with a Schmitt trigger activated by white noise. Each PP or EPSP was applied 1 ,OOO-3,000 times to the discharging cell.
The stimulus triggers, membrane potential, and current traces were monitored on an oscilloscope during the experiments and recorded on an FM tape recorder (Honeywell 7600) for off-line analysis.
Data analysis
We digitized the analog records of PPs and membrane trajectories at a sampling rate of 10 kHz with the use of a PDP-1 1 / 73 computer. To measure PPs at rest, stimulus-triggered averages of membrane potential were compiled over a 50-ms interval starting 10 ms before the stimulus. Clear records of small PPs could be obtained with averages of 25-100 events; these averages were used to determine the PP amplitude (the height immediately after the capacitive artifact) and rise time (the time from the pulse onset to the peak).
The times of occurrences of stimulus pulses and action potentials were identified with time-amplitude window discriminators and stored on the PDP-1 1 / 73.
Calculation ofIS shortenings
The effects of the PPs and EPSPs were calculated by comparing the duration of the IS1 in which it occurred with the duration of the preceding interval, as illustrated in Fig. 1 . The PP typically shortened the "conditioned" interval ( T,) relative to the preceding unconditioned interval ( To). The membrane potential trajectory in Fig. 1 B illustrates a PP introduced at delay 7, which shortened the IS1 to T,( 7). The amount of shortening was
The effects of many PPs introduced at delay 7 are shown by the histogram in Fig. KY , which plots the times at which the subsequent spikes occurred. To deal with slight variations in firing rate, the delay and shortening were normalized to the preceding control interval and resolved to a binwidth of 0.0 1 To. The mean of this histogram distribution yields the mean shortening, expressed as a percentage of control
where Si (7) is the shortening of the ith PP at delay 7. The plot of percentage of shortening, %S( 4, as a function of delay 7 is called the IS1 shortening-delay curve (S-D curve) and is illustrated in Fig. 1 
Another useful statistic is the variance of %S ( 7)) which was calculated as
Figure 1 E plots % var, (7) as a function of 7.
Measurements ofS-D curves
The S-D curves provided several measures of the effect of PPs on the ISI. The average shortening of PPs over the entire IS1 duration could be given as a percentage of control (%S, Fig. 1 D) or as absolute shortening (S)
The effective interval is defined as the range of delays in the IS1 where the PP consistently shortened the ISI. In the effective interval the S-D curve consistently had positive values (Fig. 10) . The best method of determining the effective interval was estimation by eye. Confidence intervals could not be established because there was often no true baseline; in some cases, the S-D curve was greater than zero at all delays; in others, S-D curves were negative at the early delays (see companion paper). In some cases, visual judgment of the onset was aided by smoothing the S-D curves (by convolving them with a Gaussian function) or by integrating the S-D curves. The onset of the effective interval was defined as the time that the S-D curve first became positive and remained so; this was associated with a consistent increase in the integrated curve.
Although the baseline firing rate was controlled, there were nevertheless small deviations from the intended firing rate. These deviations produced some artifactual IS1 lengthening for delays very close to the end of the IS1 in some of the S-D curves. This resulted from the algorithm used in the calculations, in combination with normal variance. To appreciate this effect, consider three sequential spikes occurring at times t 1, t,, and &, with a PP occurring at time I, ( tz < t, < t3). The control interval is defined as t&i. The occurrence of the third spike, t3, is tallied on the histogram aligned with t2, and the shortening is given by (t&i) -( t3-t2). Because of the variability in the ISIS, t3 may deviate from the mean IS1 period from trial to trial. But by definition, t3 cannot be less than t, because &-& would then be a control interval. Thus for delays near the end of the ISI, the sampled spikes will be biased toward those that occur at times longer than t,. In some cases, particularly for small PPs, this selection bias appears in the S-D curve as an artificial lengthening of the IS1 where there may have actually been an IS1 shortening.
The instantaneous change in firing rate, A&, ( 7)) caused by the PP at delay 7 was calculated from the IS1 shortening by
Data were obtained from intracellular recordings from 66 neurons in layer V of the sensorimotor cortex. The cells were not morphologically reconstructed, but the relatively large recording electrodes ( 1 O-20 ma) probably biased our sample to the large pyramidal cells in layer V. The measured d.c. input resistances (5.3-25.1 Ma; mean, 11.5 t 4.5 MQ) were comparable with those obtained for identified pyramidal cells in a similar in vitro slice preparation (Spain et al. 199 lb; Stafstrom et al. 1984~) .
Impaled cells were accepted for analysis if regular, repetitive discharge could be maintained with injection of steady current. Typically, cells were induced to fire repetitively at 25 imp/s for lo-15 min. Spike heights exceeded 80 mV above resting potential; spike widths (measured at firing level) ranged from 0.4 to 1.6 ms. Cells were rejected if they did not maintain a steady discharge rate for > l-2 min or had small (~60 mV) or wide (>2 ms) spikes. Most cells had resting potentials of -60 to -70 mV. In some cells, hyperpolarizing current had to be continually injected to prevent spontaneous discharge. These cells were accepted for analy- sis because they maintained regular, repetitive discharge on gradual removal of hyperpolarizing current or on addition of depolarizing current; spike heights, spike widths, the shape of the membrane trajectories, and the regularity of the IS1 in these cells did not differ systematically from those of cells without spontaneous discharge. Intracellular penetrations typically lasted l-2 h; recordings were terminated if the shape of the action potentials showed any obvious changes.
ISI shortening caused by PPs
The PPs shortened the ISI in two ways, as illustrated in Fig. 2 . The top trace of Fig. 2A shows an averaged control trajectory (of duration, 40 ms). The voltage trajectory shows two relevant breaks near the end of the ISI, at the X and Y levels. The onsets of these two breaks were identified from distinct, positive deflections on the differentiated voltage trace (not shown). At voltage level X, the membrane trajectory begins to rise exponentially toward voltage level Y, where the action potential begins its rapid rise. The Y level is defined as the firing level, although the regenerative process may actually start at the X level (Stafstrom et al. 1984c) .
A 3.6-mV PP measured at resting potential (-70 mV) is shown in Fig. 2A (bottom trace). Figure 2 (B-D) illustrates voltage traces with the PP at selected delays superimposed on the control trajectory. PPs appearing early in the IS1 decayed rapidly back to the control trajectory and did not shorten the IS1 (2 B). At a later delay (2C), the PP did not decay; instead, the membrane potential curved upward when it crossed the X level, culminating in a rapid rise after crossing the Y level. After the membrane potential crossed the X level, the trajectory typically resembled the X-Y region of the control interval. This behavior suggests the activation of a regenerative process near the X level that continued throughout the X-Y region. We call this process the "slow regenerative process."
PPs applied at later delays produced a voltage response whose rate of rise was comparable with that past the Y level of the control trajectory (Fig. 2 D) , indicating that the PPs crossed firing level directly. This occurred even though the linear sum of the PP and membrane trajectory did not exceed the control Y level, indicating that the firing level varied with time.
The effect of these processes can be quantified by plotting the IS1 shortenings as a function of delay in the ISI. The IS1 shortenings caused by a 1 -mV PP are shown in Fig. 3 . As the neuron discharged rhythmically at 25 ips, the PP (Fig. 3A) was evoked repetitively at random. the mean intervals decreased, and IS1 shortening increased to a maximum value at a delay of 82%. At successively longer delays, the IS1 shortening decreased until no shortening occurred.
PPs that appeared at delays of 84-100% of the IS1 consistently evoked spikes at short latencies consistent with the PPs crossing firing level directly; at firing level, the membrane potential rises rapidly, and the peak of the action potential occurs -0.1-0.5 ms later (Stafstrom et al. 1984a) .
PPs that appeared at delays of 37-83% evoked spikes with latencies that were considerably longer than the PPs' rise times. Unlike the direct crossings, the latencies of the evoked spikes increased, and the ISI shortenings decreased at successively shorter delays. Moreover, at these intermediate delays the spikes were considerably more widely distributed about the mean latency.
The amount of IS1 shortening at each delay is plotted in the S-D curve in Fig. 3D . At delays <37%, no IS1 shortenings occurred, and the S-D curve was flat. At successively longer delays, the S-D curve increased to a peak at 82%. At longer delays, where the direct crossings occurred, the S-D curve decreased linearly. The effective interval, defined as the range of delays in the IS1 where the S-D curve was consistently greater than zero, was -63% of the ISI. The S-D curve also represents the mean change in instantaneous firing rate (AA,,,) for each delay as calculated with Eq. 6 and calibrated by the right ordinate in Fig. 3 D. The variance of the S-D curve is plotted in Fig. 3 E. The transition between the delayed and direct crossings is marked by an abrupt and sustained decrease in the variance at the longer delays.
The fact that direct crossings occurred at delays as early as 84% when the PP peak was below control firing level confirms that the firing level varied with time. At delay 86%, the sum of the membrane trajectory and the resting PP was well below the Y level for the control trajectory (Fig.  3 B) . This indicates that the firing level was lower at earlier delays and increased to the control Y level at the end of the ISI. The dashed line in Fig. 3B approximates the time course of the firing level for the 1-mV PP.
Small PPs shortened the IS1 primarily through the delayed crossing mechanism. Figure 4 illustrates the IS1 shortenings caused by a 300~PV PP in the cell of Fig. 3 . The histograms (Fig. 4C ) and the S-D curve (Fig. 4 D) confirm that the smaller PP also produced measurable IS1 shortenings. At delays for which the 1-mV PP clearly crossed firing level directly (e.g., 86% in Fig. 3) , the 300~PV PP produced delayed crossings; the latencies of the evoked spikes were considerably longer and were broadly distributed about the mean interval (Fig. 4C) , and the variance of the S-D curve was comparable with those at shorter delays (Fig. 4E) Fig. 3 .
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The effective interval varied surprisingly little with PP amplitude; in this cell, the effective intervals for the 1-mV and 300-PV PP were, respectively, 63 and 66% of the ISI. The variation of the S-D curve parameters with PP amplitude is further documented in the companion paper (Reyes and Fetz 1993).
Comparison of PPs and stimulus-evoked EPSPs
PPs and stimulus-evoked EPSPs shortened the IS1 in a similar manner. Figure 5 shows the ISI shortenings caused by a 2.6-mV PP (A) and a 2.2-mV EPSP (B) in a cell firing at 20 ips. At delays longer than 70%, the spike latencies (Fig. 5 , AC and Bc) were comparable with the potentials' rise times. At delays shorter than 70%, the latencies increased progressively, and there was a marked increase in the variance in the S-D curve (Fig. 5 , Ae and Be). The effective intervals were large in both cases (83% for the PP and 7 1% for the EPSP). Similar comparisons were made for 13 other EPSP-PP pairs documented in the same cells.
To make quantitative comparisons between PPs and EPSPs, we calculated the following parameters from the S-D curves of 14 pairs of PPs and EPSPs: 1) mean shortening, S, calculated from the mean of the S-D curve; 2) maximum IS1 shortening, Smax, calculated from the peak of the S-D curve; and 3) the effective interval. Each pair was obtained from the same cell, and the EPSP and PP had comparable amplitudes. There were no systematic differences in S (Fig. 6A) , Smax (Fig. 6 B) , or the effective interval (Fig. 6C) for the EPSPs (w) and PPs ( q Q. The delays at which the transition from direct to delayed crossings occurred, as determined from the variance curves, were similar in 13 of 14 pairs (Fig. 6 0) . In several pairs the variance of the S-D curve tended to be larger for EPSPs than for PPs.
Thus, to a first approximation, the PPs effectively mimicked the IS1 shortenings produced by EPSPs.
Changes in the PP shape during repetitive firing Some properties of the ionic conductances underlying IS1 shortenings may be inferred from the changes in the PP shapes with delay in the ISI. The difference between the control trajectory and the trajectories with PPs at various delays in the IS1 was quantified for the PP in Fig. 2 . Figure 7 plots the values of two points on the PP (arrowheads in Fig.  2A ), corresponding to 1.4 ms (near the PP peak) and 20 ms (at the PP decaying edge) from the onset of the PP as a function of delay in the ISI. The dashed horizontal lines in each graph mark the values of these points at resting potential (-70 mV) in the quiescent neuron. The difference between the membrane potential and resting potential at each delay is also shown on the abscissa.
At subthreshold levels, the height of the PP increased, and the decay rate decreased as a function of delay. For delays of t25%, the amplitude of the voltage response near the PP peak was smaller than that of the PP at rest (Fig.  7A ) ; at these delays the trajectory voltage was <4 mV above rest. With increases in delay, the PP amplitude increased almost linearly, eventually exceeding the amplitude of the PP at rest. At delavs of >50% ( >6 mV above rest). the current pulses generated spikes, precluding measurement of PP amplitudes.
Similar changes of amplitude occurred for the decaying edge of the PP. As can be seen in Fig. 7 B , the difference between the PP decaying edge and the control trajectory was negative at delays of ~20%. These negative values are manifested as transient undershoots in the trajectories (Fig.  2 B) . The differences were positive at delays of >20% and were greater than the corresponding amplitudes of the PP at rest.
Some of these changes in the PP shape could also be observed with steadv depolarization in the quiescent cell. (Fig. 94 bottom traces) . Such distinct direct crossings were not produced in the cell with the larger X-Y curvature ( Fig. 9 B) ; there was no clear decrease in the variance of the S-D curve at the later delays (Fig. 9 B, bottom trace). However, in the same cell a 3-mV PP produced direct crossings at delays >55%, as indicated by the abrupt decrease in the variance at these delays (Fig. SC, 
Lengthening of ISI following shortened interval
In motoneurons, stimulus-evoked EPSPs introduced. in repetitively discharging cells shortened the IS1 but lengthened the following interval ( Schwindt and Calvin 1973). To determine whether PPs had similar effects on neocortical neurons, we compared the ISIS immediately following a shortened IS1 with the control interval. Figure 1OA illustrates the S-D curve obtained for a 3.6-mV PP. Figure 10 B shows the associated changes for the intervals immediately following the PP-shortened intervals as a function of the delays at which the PP appeared in the shortened interval. The negative values in the S-D curve of Fig. 10 B indicate that the subsequent ISIS were lengthened. As with most cells, the greatest lengthenings occurred in association with the largest shortening in the preceding interval. In this case the mean lengthening was -19% of the mean shortening produced.
Computer simulations
To gain insights into the possible ionic mechanisms underlying the delayed crossings and the time-varying firing level, we simulated the effects of active membrane conductances on the responses of a model neuron to a PP. Our main goal was to determine general features that might be essential for the time-varying firing level and the delayed crossings. The model (described in the APPENDIX) incorporated a sodium conductance (gNa) that produced the upstroke of the action potential and a potassium conductance (gk) that repolarized the membrane. We hypothesized that the increase in the firing level was due to a decrease in the net inward current. This could be caused by activation of an outward current or by inactivation of an inward current. We chose the latter mechanism and used a hypothetical sodium conductance, g,, to model the decrease in inward current toward the end of the ISI. g, kinetics were similar to those of gNa except that the voltage relations of the Hodgkin and Huxley ( 1952) gating parameters were adjusted so that g, activated at a lower potential than g,, and exhibited significant inactivation late in the IS1 (see APPENDIX).
Figure 11 illustrates the voltage trajectories (A ) and underlying ionic currents (B) when a depolarizing steady current was applied. I, is activated near the X level and causes the exponential-like increase in the membrane potential. This is followed by a rapid rise in the membrane potential, which coincides with the onset of INa at the Y level.
This model displayed responses similar to those of cortical neurons when probed with PPs, as shown by the superimposed traces in Fig. 11 A. Late in the IS1 (e.g., delays 2 and 3) the PPs evoked short-latency spikes, whereas at earlier delays (e.g., delay 1) they evoked long-latency spikes. At delays of >60%, the latencies of the evoked spikes varied little with delay ( Fig. 110) . At delays of <60%, the latenties increased systematically with decreasing delays.
PPs applied at early delays ( e.g., delay 1) produced a stereotyped exponential-like rise in membrane potential near the X level that resembled the control ISI. Figure 1lC shows the variation of 1X generated by the PPs at the different delays. I, produced by the control IS1 and by the PP applied at delay 1 was small compared with that at delay 2 or 3 because the slowly rising potential allowed significant inactivation to develop. The larger 1X at delay 2 accelerated the rate of rise of the membrane trajectory. Firing level, defined as the point where the membrane potential rises rapidly, varied with time as depicted by the dashed line in Fig. 11 A.
In this model, the trajectory in the X-Y region was determined by g,, but a simpler model consisting of only gNa and gk exhibits similar slow rises (Reyes 1990) . Like the more complex model above, this simpler model fired repetitively, had an X-Y region, exhibited delayed crossings when the PPs crossed the X level, and produced S-D curves with large effective intervals, but did not exhibit a time-varying firing level.
DISCUSSION
The primary aim of this study was to examine the effects of transient depolarizing potentials on the firing rate of cat neocortical neurons. Delivered over a wide range of delays, these transients shortened the ISIS in ways that depended on the delay. Although we did not identify the recorded cells morphologically, we presume that the size of the electrode used ( lo-20 Mfi) and the placement of the electrode in layer V biased the recordings to the large layer V pyramidal cells. This assumption is supported by the observations of Ghosh and Porter ( 1988) and Spain et al. ( 199 lb) , who used electrodes with comparable resistances to record and stain cells from monkey and cat sensorimotor cortex. In the former study, 92 of the 93 impaled neurons were pyramidal in shape; in the latter, all ( 19 / 19) were pyramidal. The input resistances and spike heights of our recorded cells were also within the range of those measured in morphologically identified layer V pyramidal cells (Stafstrom et al. 1984~) .
We used brief PPs to mimic the effects of EPSPs. Because the PPs were injected at the soma, they mimicked the transient depolarizations produced by synaptic currents that reach the soma regardless of their origin. Indeed, the PPs shortened the IS1 in a manner very similar to that of stimulus-evoked EPSPs. Quantitative measures of their associated S-D curves did not reveal any systematic differences in the mean and maximum IS1 shortenings and duration of effective intervals. The latencies of the evoked spikes tended to have larger variance for EPSPs than for PPs, possibly because the pulses were injected under current-clamp conditions, preventing fluctuations in the amplitude of the current pulse. The shape of the composite EPSP, on the other hand, may fluctuate because of variations in the number of afferent fibers activated and the amount of transmitter released.
The PPs shortened the ISIS in two ways. First, they could cross firing level directly to evoke short-latency spikes. These direct crossings occurred late in the ISI, where the difference between the membrane trajectory and the timevarying firing level was less than the PP amplitude. Although more experiments using larger PPs are needed to trace the full time course of the firing level at earlier delays, S-D curves obtained with the 3.0-mV PP (Fig. SC) and the 3.6-mV PP (Fig. 1 OA ) suggest the existence of lowered firing level at delays as early as 55% of the ISI. Such time-varyon February 3, 2015 Downloaded from ing firing levels are not unique to pyramidal cells; repetitively discharging motoneurons exhibited similar time-varying firing levels when probed with stimulus-evoked EPSPs (Calvin 1974).
Second, PPs that did not cross firing level directly could produce IS1 shortenings through delayed crossing. Spikes evoked by delayed crossings had latencies that were longer than the rise times of the PPs and considerably more variable than latencies associated with direct crossings. The magnitudes of the IS1 shortenings were greater than would be predicted from direct threshold crossings produced by a linear sum of the decaying PP and the rising membrane trajectory, indicating the involvement of an active, regenerative process at potentials below firing level.
Properties ofionic conductances underlying ISI shortenings
PPs introduced early in the ISI, during the afterhyperpolarization, produced voltage responses that were smaller than those evoked by the same current pulse at rest. This reduced amplitude is probably due to the large conductance increases in the afterhyperpolarization following the action potential (Gustafsson 1974; Schwindt and Calvin 1973; Schwindt et al. 1988b,c; Spain et al. 199 la) . The undershoots following the PP at these delays suggest reduction of the net inward current, possibly through the deactivation of the anomalous rectifier (Schwindt et al. 1988a; Spain et al. 1987) or the activation of a fast transient potassium current (Spain et al. 1991a) .
At longer delays, the PP amplitudes increased, and decay rates decreased. Similar changes were also observed in the quiescent neuron when the membrane potential was depolarized. It is likely that later in the ISI, when the membrane potential was more depolarized, the PPs activated the persistent sodium current ( INap) (Stafstrom et al. 1984c (Stafstrom et al. , 1985 . INap is first activated -5-10 mV above the resting potential and has sufficiently rapid kinetics (time-to-peak 54 ms) to be significantly activated by the brief PPs. Similar changes have been observed in unitary EPSPs in quiescent pyramidal cells in layer III of rats (Thomson et al. 1988 ) and in Betz cells in layer V of cats ( Stafstrom et al. 1985) during depolarization.
This mechanism appears to be less pronounced in motoneurons because unitary EPSPs at the end of the IS1 trajectory of rhythmically firing motoneurons resemble those at rest (Cope et al. 1987 ) and unitary Ia EPSPs did not show comparable increases with steady depolarization (Edwards et al. 1976 ) .
The slow regenerative process triggered near the X level explains many features of the delayed IS1 shortenings caused by PPs at intermediate delays. Because this process was slow, the latencies of the evoked spikes were greater than the PP rise times. The latency increased as the delay was shortened because successively longer times were required for the membrane potential to cross the X level. The relatively large variance in the spike latency associated with delayed crossings is understandable because the slow rise of the membrane potential would make the eventual crossing of the firing level susceptible to the cumulative effects of synaptic noise. In contrast, PPs that cross firing level directly produce a very rapid rise in voltage, minimizing the effect of noise. Computer simulations suggest that the slow regenerative process can be accounted for by the properties of a sodium conductance at the cell soma. In these neocortical neurons the persistent sodium current may also contribute to this slow regenerative process (Stafstrom et al. 1984c (Stafstrom et al. , 1985 .
At the largest delays the PP crossed the firing level (the Y level) directly. Time-dependent changes in the firing level have been observed during ramp changes in membrane potential of pyramidal cells (Stafstrom et al. 1984~ ) and motoneurons (Calvin 1974) . In those studies, slower rises in the membrane potential were associated with a greater increase in the firing level. Such changes were proposed to be due to the inactivation of the initial segment sodium conductance, which presumably reduced the net inward current (Schwindt and Crill 1982) . In repetitively firing cells, the rise of the membrane trajectory may be slow enough to allow inactivation to develop during the ISI. Consequently, PPs applied at relatively later delays would activate a smaller current in the initial segment than the same PP applied earlier in the ISI, when inactivation
has not yet developed significantly.
We modeled the time-varying threshold with a rapidly inactivating sodium current that behaved much like one found in the motoneuron initial segment. Its inactivation progressively decreased the net inward current toward the end of the ISI. In principle, a voltage-and time-dependent activation of an outward current can also reduce the net inward current near the end of the ISI. In these neocortical neurons, a fast-activating, transient potassium current ( Spain et al. 199 1 a) is activated -13 mV positive to rest and may contribute to the decrease in the net inward current before the Y level. Although the persistent sodium current is active in the X-Y interval, it would not be expected to produce a time-varying firing level, because activation, and hence the net inward current, continues to increase with depolarization ( Stafstrom et al. 1984c ( Stafstrom et al. , 1985 . The lengthenings of the ISIS following the PP-shortened IS1 are likely due to the summated effects of potassium conductances underlying the slow afterhyperpolarizations (Schwindt et al. 1988b,c; Spain et al. 199 la,b) . This is consistent with our observation that the greatest lengthenings followed the greatest IS1 shortenings.
Functional signifjcance
The combination of the time-varying firing level and the slow regenerative process contribute substantially to the ability of PPs and EPSPs to shorten the IS1 and increase firing rate. The time-varying firing level enabled the PP to shorten the IS1 through direct crossings over a larger proportion of the trajectory than predicted by models in which PP amplitude must exceed control firing levels. Over this range the short latency of directly evoked spikes leads to significant IS1 shortenings. In addition, the slow regenerative process enabled the PPs to produce shortenings through delayed crossings from a large portion of the ISI. The sum of these effects determines the net effective interval, which determines the percentage of trials in which a random PP or EPSP will cause an IS1 shortening. We found 
where j = m, h, or II and 7; is the time constant of activation or inactivation. Figure A 1 , A and B, plots the variation of the activation (m) and inactivation (h) parameters with voltage for gNa. The activation parameters for gX were identical to gNa but shifted in the negative direction along the voltage axis by 15 mV (dotted curves), and the inactivation parameter was shifted along the voltage axis by 20 mV. Figure 12C plots the variation of the gK activa- that effective intervals typically exceeded one-half the ISI, indicating that a PP or EPSP, if introduced repetitively and randomly to a discharging cell, has a high probability of shortening the ISI. The following paper (Reyes and Fetz 1993) examines the relation between PP parameters and net increases in the neuronal firing rate.
